Nonlinear optical (NLO) processes in pi-electron organic and polymer systems have attracted considerable interest because their understanding has led onto many compelling technological promise as well as the discovery of new phenomena, new theoretical insights, and new materials and devices. In recent years, as the field has progressed toward technological applications, the main issues have focused on high-performance materials that comply with device manufacturing and end-use conditions. New challenges in materials synthesis are being presented. In has now been demonstrated on pilot plant scales that high-performance electro-optic polymer thin films can be routinely used in optoelectronic integrated circuit fabrication in existing microelectronic device manufacturing facilities. The key steps are standard, including spin coating, photolithography, etching, metallization, and multilayer assembly. Nanocrystal quantum dots (QDs) have been incorporated into various NLO polymers and the optical properties of the nanocomposite films have been studied by femtosecond laser Z-scan instrumentation. Nanodevices have been fabricated by UV-assisted imprinting 
INTRODUCTION
Semiconducting nanocrystals emerged recently as an interesting novel class of materials with exciting optical, electronic, and/or electrochemical properties. Moreover, they offer a wide range of promising applications in optoelectronic systems, as bio-labels for affinity studies, or in chip-based diagnostic assays.
However, despite a rather impressive worldwide research activity aiming at (1) developing new synthetic strategies for the controlled fabrication of nanocrystals, (2) at characterizing their fundamental physicochemical properties, and (3) at elucidating their usefulness in various applications, there are still numerous challenges that need to be met before nanocrystals will make it to the market. For example, the reproducible tuning of their emission properties, their chemical inertness and their long-term stability need to be optimised. The concept of stabilizing and functionalizing nanocrystals by an organic/polymeric ligand shell is far from being successfully implemented. The controlled handling of nanocrystals and their integration into different devices and application platforms is not worked out yet.
The general physical properties of nanocrystals and, in particular, their optical and electronic properties are still largely unexplored. The level of fundamental understanding of these characteristic features, however, has to be improved significantly before these materials can be successfully used for novel device applications Among the many conceivable scenarios for nanocrystal applications certain ideas of using their specific optoelectronic properties for devices in integrated optics seem to be particularly promising. The bandgap-tunability, the high photostability at reasonable emission quantum yields, and other aspects make these objects promising candidates for hybrid materials to be implemented, e.g., in integrated optics modules, in light-emitting devices, etc. Their possible usefulness in elements of nonlinear optics has only barely been documented.
Although the use of nanocrystals as biolabels has been identified already early on as a promising alternative to organic dyes, to date, there is no stable and reproducibly controlled bioconjugation assay available for the coupling of nanocrystals to biopolymers. Many problems remain to be solved, e.g., the water-solubility and the stability of nanocrystals in aqueous buffer solution have yet to be worked out. Concepts for their controlled chemical manipulations barely exist and, after all, their usefulness in bio-affinity studies needs to be seen (not to mention unsolved issues in biomedical applications like their toxicity).
EXPERIMENTAL
Nanocrystals of PbSe (diameter = 5.5 nm) [ Figure 1 ] are coated by TOPO, CH3(CH2)7]3-P=O and are soluble in toluene. PbSe nanocrystals doped fluorinated acylate photoresists have been prepared. Fluorinated acrylates with an UV photoinitiator (Ph-CO-C(OCH3)2-Ph) are embedded by nanocrystals (viscosity is ca. 10 cps). Fluorinated acrylates are subjected to UV radiation exposure at a dosage of 700 mJ per square cm. with a total UV exposure = 2 J per square cm. Similarly, nanocrystals of PbS can be used to embed UV-polymerized photoresists.
UV-assisted nanoimprinting is performed using a home-built instrument at Shanghai Jiao Tong University. Nanocomposites based on nanocrystals-embedded polymers are characterized by transmission electron microscopy at Georgia Institute of Technology, Atlanta, Georgia, USA; ellipsometry measurement at Shanghai Jiao Tong University, China; and femtoseond laser Z-scan measurements on Chi-3 parameters at Fudan University, Shanghai, China.
Polymers with high nonlinear optical behavior and high Chi-3 values are supplied to our group from Tsinghua University, Beijing, China; and Hong Kong University of Science and Technology, China.
RESULTS AND DISCUSSION
We have successfully developed UV-nanoimprinting photoresists based on nanocrystals embedded fluorinated acrylate chemistry. These photoresists are having good spincoating properties: the viscosity is ca 10 cps at 25 deg C. By varying the spinning speed, layers with thickness between 500 nm and 2000 nm could be achieved. The uniformity of the imprint layers was good. The photoresists are exhibiting very good filling properties. Under an imprint pressure of 200 mbar both nano-and micro-sized features could be successfully replicated. A dose of 2 J/sq. cm was sufficient to cure the material.
The principles behind UV-assisted nanoimprinting is schematically indicated in Figure 2 ; while the nanoimprinted features of a polymer nanocomposite ring resonator as well as straight waveguides are shown in Figure 3 .
Solution-synthesized quantum dots can be spin-or spray-coated onto a diversity of substrates: rigid or flexible; smooth or rough; flat or curved; inorganic, organic, including biological; crystalline or amorphous; conducting, semiconducting, or insulating. To create the quantum dots and make them available in a convenient organic solvent for spin-casting such as toluene, chloroform, or THF, PbS quantum dot nanocrystals are synthesized in solution within a single flask [4] . A lead oleate precursor is prepared by heating PbO in oleic acid under argon at 150 o C for 1 hour. Bis(trimethylsilyl)sulfide in octadecene is then injected into the vigorously-stirring lead oleate solution. Nanoparticle diameter may be varied from 2-10 nm. The standard deviation in nanocrystal diameters may be as little as 1 monolayer. The nanoparticles may be isolated from the growth mixture by precipitation with methanol and then redispersed in an organic solvent such as toluene.
Nanocomposites consisting of PbS nanocrystals in a conjugated polymer matrix have been demonstrated [5] to show photo-and electroluminescence across the spectral range 1000 to 1600 nm with tunability via the quantum-size effect. Electroluminescent devices combining two families of PbS colloidal quantum dots to achieve spectrally tailored twocolor emission were demonstrated [6] . Electroluminescence with internal quantum efficiency as high as 3.1% was obtained.
It has recently been demonstrated [4] [5] [6] that electric field-induced modulation of absorption in PbS nanocrystal quantum dots across the spectral region 600 -2000 nm. The maxima in the electro-absorption spectra correspond with the positions of the first excitonic peak, confirming the predominance of excitonic broadening as the basis for the observed effect. Additionally, modulation at wavelengths well beyond those associated with interband absorption has been observed, with a first-order dependence on charge injection, pointing to modulation of inter-subband absorption in these devices.
It has been reported photoconductivity for light between 975 and 1300 nm from a polymer/nanocrystal quantum dot composite [4] [5] [6] . Biased films of the conjugated polymer MEH-PPV sensitized with PbS nanocrystals (~5 nm diameter) demonstrate photocurrent at wavelengths beyond the response of the polymer and corresponding to the absorption of the nanocrystals. The photocurrent is attributed to absorption in the nanocrystals with subsequent hole transfer to the polymer. The best efficiencies observed to date are in the few percent. A photovoltaic effect under infrared excitation has recently been observed.
Recently progress has been made progress towards lasing in such materials at communications wavelengths on substrates including silica and silicon. Sargent et al. have reported [6] room-temperature amplified spontaneous emission and spectral narrowing at infrared wavelengths in solution-processed films made up of PbS quantum dot nanocrystals. The active optical medium operates at room temperature without any additional matrix material, providing an optical gain of 260 cm -1 and pump threshold of 1 mJ/cm -2 . Nanocrystals synthesized in aqueous solution and stabilized using short ligands result in a high quantum dot volume fraction in solid films and a three-dimensional superlattice effect which red-shifts emission relative to absorption.
The nanocomposites synthesized at Shanghai Jiao Tong University are currently characterized by ellipsometry, transmission electron microscopy, and femtosecond laser Z-scan measurements to obtain Chi-3 (third-order nonlinear optical susceptibility) parameters.
SUMMARY
Based on three nanotechnological cornerstones, (1) nanocrystal QD-embedded polymer; (2) UV-assisted nanoimprinting technique; and (3) nanophotonic circuitry of ring resonators and straight waveguides, we have built nano-devices including optical switches, dispersion compensators, and EO modulators. We are the first group to simultaneously exploit these three nanotechnology areas to build useful devices. 
